Given the increasing penetration in renewable generation, the UK power system is experiencing a decline in system inertia and an increase in frequency response (FR) requirements. Faster FR products are a mitigating solution that can cost-effectively meet the system balancing requirements. Thus, this paper proposes a mixed integer linear programming (MILP) unit commitment model which can simultaneously schedule inertial response, mandatory FR, as well as a subsecond FR product -enhanced frequency response (EFR). The model quantifies the value of providing faster reacting FR products in comparison with other response times from typical FR products. The performance and value of EFR are determined in a series of future energy scenarios with respect to the UK market and system conditions.
I. NOMENCLATURE

II. INTRODUCTION
To mitigate the aggravation of climate change and accommodate the challenges with the decarbonization of other energy sectors e.g. heat and transport -, the UK electricity system is facing unprecedented changes. The increasing penetration of low carbon generation combined with the decommission of conventional generation plants is expected to significantly undermine power system inertia, and thus system stability. As a significant proportion of the UK generation mix will be based on volatile and uncertain low carbon generation, the need for system frequency regulation services will also increase dramatically. Moreover, insufficient levels of system inertia due to the deficit in large rotating masses -can lead to significant post-contingency system frequency deviations, and thus further aggravate the need for frequency regulation services. This leads to lower asset utilization factors, inefficiency costs associated with partly-loaded generation plants, curtailment of low carbon generation and overall to higher operational costs.
In this setting, frequency regulation products such as the case of Enhanced Frequency Response (EFR) in UK, characterized by faster reaction times (i.e ≤1 s) than other conventional FR products (i.e. 10s) allow deviations in system frequency to be swiftly mitigated [1] . Moreover, the improved efficiency of EFR mitigates frequency deviations, allows for lower committed volumes of FR products and therefore lower system balancing costs. Currently, a large range of technologies are capable of delivering EFR services, including some types of energy storage systems (e.g. batteries, flywheels and supercapacitors) and advanced demand response control [2] . This paper focuses on evaluating their economic benefits of EFR and identifies the influential factors of its performance. It helps stakeholders owning the aforementioned assets find investment opportunities in the present and future balancing markets.
A. Related work
Previous works estimate FR requirements by adopting different methodologies, from pre-defined, generation-based requirements to inertia-dependent ones. In order to assess the economic benefits of dynamic demand in providing frequency regulation, [3] constructed a unit commitment (UC) model with per-defined frequency regulation and reserve requirements. Similarly, [4] developed a comprehensive UC model for the UK power system and used historical reserve requirements to estimate future electricity and reserve prices. System inertia can capture transient frequency evolution dynamics to accurately determine hourly-based FR requirements. [5] uses the system inertia to estimate PFR adequacy. Recent works [6] successfully conducted the stochastic scheduling for generation dispatch and ancillary services with inertia-dependent constraints. Regarding the multi-speed FRs, [7] formulates the model that can simultaneously allocate inertia responses (IR), PR and EFR, and evaluates the EFR effectiveness. Considering different inertia conditions, [8] proposed a utility function for system operator (SO) to choose multi-speed FR products.
B. Contribution
Compared with the previous work in the literature, the key contributions are highlighted as follows:
1) The work considers a full set of FR services in the UK frequency regulatory framework including inertia response, primary frequency response (PFR) and secondary frequency response (SFR). We evaluate the offset effect of EFR against those two mandatory FRs as an intuitive indicator for the market.
2) The temporal variation in system inertia and FR requirements are acquired, which thus identifies the influential factors of hourly EFR performance.
III. UNIT COMMITMENT MODEL
The proposed mixed integer linear programming (MILP) model aims to schedule multi-speed frequency responses and estimate costs in current UK balancing market framework without adopting the computationally expensive algorithm. This work uses the deterministic formulation, while the stochastic scheduling algorithm such as [9] performs better in terms of reducing wind curtailment. For simplicity, the model aggregates power plants with the same technology into one group. The model focuses on the low frequency responses which address the in-feed loss, and other ancillary services in the balancing market such as reserve is out of the research scope. We assume that there exists the utility-scale energy storages to provide EFR.
A. Unit Commitment Model with Inertial Constraints
The objective function (1) describes the (annual) system operation cost (i.e. the sum of the start-up, no-load and marginal costs of conventional generation units.
The demand-supply balance is ensured in (2) . In (3)-(7) the model captures the binary operational characteristic of conventional units, i.e. online / offline times with exception of nuclear power plants (i.e. G n ) as (3); (4) defines minimum stable generation (MSG) and maximum generation levels. (5) calculates the number of shut-down and start-up in each generator group. (6) defines the minimum start-up and shutdown time. (7) defines the maximum ramp-up and ramp-down rates. The model also includes energy storage units technical limitations, such as maximum and minimum energy levels (8) , maximum charge/discharge capacities (9), units energy balance (10) and conservation of energy (11) . The initial state of scheduling is pre-defined (i.e. u th t0,g , P Gen t0,g ). For all the constraints if not specified, ∀g∈G and ∀t∈T.
P Gen t,g − P Gen t−1,g ≤ u th t,g · V up g P Gen t−1,g − P Gen t,g ≤ u th t,g · V dn g (7)
We use the inertia-dependent constraints to estimate FR requirements. The aggregated system inertia given in (12) is the sum of inertia from all online thermal generators and responsive loads (i.e. rotating motors).
The timescale of three FR products, including PFR (10-30s), SFR (30s-30min), and EFR (≤1s), is shown in Fig. 1 . The swing equation (13) models the relationship between system in-feed loss and frequency evolution. The model adopts N −1 reliability criterion. The in-feed loss level for regulating FR requirement is set to be 1320 MW [10] . This work does not consider the dead band happening in the real FR provision process.
Due to the in-feed power loss, the system frequency will drop from the nominal value (i.e. 50Hz). The inertia response happens from the onset of the loss. PFR are then triggered to arrest the frequency from falling until it reaches the nadir, where the rate of change of frequency (RoCoF) reaches zero (i.e. (∂f (t))/∂t = 0) and the frequency stops falling. Based on (13) , frequency responses ensuring that frequency reaches the nadir can be formulated as (15) .
At the nadir, the frequency should not exceed the regulated value in UK Grid Code (i.e. 49.2Hz). For simplicity, we omit the load damping term (i.e. D · d t · δf (t)) in (13), integrate the equation regarding time, and substitute R in (14) to obtain (16) . It should be noted that (16) as a bilinear constraint needs to be linearized as Fig. 2 . From the 30s after the contingency, SFR is delivered to replace PFR. It aims to recover the system frequency to the Quasi-steady-state (QSS) level, where RoCoF is zero. The total requirements (i.e. SFR and EFR) satisfying the condition can be estimated as (17) . 
For a thermal power plant, FR provision are achieved by the governor control system. According to [11] , the provision characteristics can be captured by (18) (18)
IV. MODEL RESULTS
The model was performed on both baseline and future scenarios. The baseline case envisages current UK power system, while future scenarios (i.e. 'Steady State' and 'Two Degrees') are 2020 and 2025 energy system projections from National Grid Future Energy Scenario (FES) [12] . The model inputs include hourly demand and interconnection flow [13] , hourly renewable generation capacity factors including solar PV, onshore and offshore wind farm [14] , technical parameters of thermal power plants [15] and PHS parameters. Future cycling costs of thermal power plants were calculated according to their fuel consumptions, annual average carbon and wholesale fuel prices for the power generation sector from [12] and [16] . The system load including rotating motors is assumed to have the inertia constant 1s.
Results demonstrate increasing FR requirements as well as their costs in the future. Table II shows system inertia, FR requirements and operation costs in five scenarios. PFR requirements increase significantly, especially under the high renewable penetration (i.e. 'Two Degrees' scenario). SFR requirement keeps the same level as it aims to the post-fault energy restoration. Its volume is decided by in-feed loss, QSS and system load [17] , which are constant in this work. The balancing cost comes from the fuel and carbon costs when extra part-loaded units are operated to provide FR. 
A. Overall and hourly performance of EFR
To examine the overall EFR performance, we carried out the simulation with the EFR deployment. Fig. 3 shows seasonal FR requirements with/without deploying 100MW EFR in the baseline case. As a result, EFR can offset a large volume of PFR, but cannot offset SFR. The result highlights that EFR can offset a highest volume of PFR in Summer (i.e 700 MW on average), when both system inertia and demand are low. Fig. 3 . Seasonal frequency response requirements in the baseline case before (left) and after (right) deploying 100 MW EFR To further investigate hourly performance of EFR and its influential factors, According to the results of 8760 hours in the baseline case, we first calculated annual system inertia distribution (i.e. x axis) and demand distribution (i.e. y axis), then we plotted and color-coded the offset PFR by 1 MW EFR regarding corresponding inertia and demand in every time interval. Two critical conclusions can be drawn from the chart (Fig. 4 ). First, system demand and inertia are non-independent and have strong positive correlation. Second, the hourly performance of EFR mainly depends on the system inertia and demand. Considering facts above, the EFR effectiveness is a bivariate distribution regarding system inertia, demand and their covariance. 
B. Economic benefits of EFR
The economic benefits of EFR are calculated as the abatement of system operation costs, compared with the benchmark without EFR services. We simulated baseline and four future Fig. 5 . First, results clearly show the economic benefit of EFR increases as the renewable penetration in the power system increases. Second, it demonstrates that EFR can reach the saturation level -there is no significant improvement in saving when EFR deployment increases from 100 to 200 MW in the baseline case. In scenarios with higher penetration of low carbon generation (i.e. 'Two Degrees'), the value of EFR is expected to increase by fourfold. However, the increasing rate in 'Two Degrees' scenario during 2020 -2025 tends to less than the rate in 'Steady State'. The reason is that EFR relaxes FR requirements considerably so that the number of online part-loaded thermal plants decreases. That will further undermine system inertia and increase FR requirement conversely. V. CONCLUSION This paper demonstrates, through a MILP UC model with inertia-dependent constraints, the economic benefits of faster reaction times for FR products. In a series of case studies, with respect to different penetration scenarios of low carbon generation, it has been shown that faster FR products -such as EFR -can more efficiently mitigate deviations in system frequency and therefore leading to lower requirements for FR (i.e. lower MW available).
Moreover, this paper also analyses the future value of EFR across future low carbon generation scenarios. As a large proportion of low carbon generation is expected to replace conventional, high inertia-based thermal generation, the overall value of EFR is expected to increase. Indeed, the value of EFR tends to increase in the inverse proportion to instantaneous system inertia and demand.
To conclude, this research work provides an underlying analysis of the value of faster reacting FR products. This work provides an evidence-based reference for SO and other key stakeholders to understand and plan for adequate balancing market mechanisms to fully support the integration of low carbon generation in the UK.
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